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Abstract 

The importance of Born terms and resonance exchange for r/ and rj' 
photoproduction off both the proton and neutron within U{3) baryon chi- 
ral perturbation theory is investigated. Low-lying resonances such as the 
vector mesons and = 1/2+, 1/2" baryon resonances are included explic- 
itly and their contributions together with the Born terms are calculated. 
The coupling constants of the resonances are determined from strong and 
radiative decays. We obtain reasonable agreement with experimental data 
near threshold. 
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1 Introduction 



Photoproduction of mesons is a tool to study baryon resonances and the inves- 
tigation of transitions between these states provides a crucial test for hadron 
models. The dominance of the A(1232) in the photoproduction of pions, e.g., 
has allowed to extract information on its electromagnetic transition amplitudes. 
Because of their hadronic decay modes nucleon resonances have large overlap- 
ping widths, which makes it difficult to study individual states, but selection 
rules in certain decay channels can reduce the number of possible resonances. 
The isoscalars rj and 1]' are such examples since, due to isospin conservation, only 
the isospin- i excited states decay into the rjN and ri'N channels. In recent years 
both 1] and rj' photoproduction have been of considerable interest. The 1] photo- 
production of protons has been measured at MAMI []I| and resonance parameters 
of the S'ii(1535) resonance and the electromagnetic coupling jp — > Su have been 
extracted from the data. On the theoretical side, both an effective Lagrangian 
approach and coupled channel models P, |] are used to investigate r] photo- 
production in the S'ii(1535) resonance region. In these approaches the coupling 
of the r] to the nucleons is described by both a pseudovector and a pseudoscalar 
term and the coupling constant and the coupling structure of the Born terms is 
unknown. In it has been shown that differential cross sections are rather sen- 
sitive to the assumptions about this vertex. But within the framework of chiral 
perturbation theory this coupling is fixed at lowest order by making use of the 
chiral SU{3)l x SU{3)r symmetry of the Lagrangian, whereas explicitly chiral 
symmetry breaking terms appear at higher orders. The SU{3) l x SU {3)r sym- 
metric limit provides therefore a convenient starting point which overcomes the 
problem of fixing the rjNN vertex. The SU{3) chiral meson-baryon Lagrangian 
has been used in a coupled channel model P and by adjusting a few parameters 
a large amount of low-energy data was described. All the above mentioned in- 
vestigations have in common that they treat the t] meson as a pure SU{3) octet 
state Tjs and mixing of rjg with the corresponding singlet state r/o which yields the 
physical states r] and rj' is neglected. 

The ■)]' is interesting by itself. The QCD Lagrangian with massless quarks ex- 
hibits an SU{3)l x SU{3)ii chiral symmetry which is broken down spontaneously 
to SU{3)v, giving rise to a Goldstone boson octet of pseudoscalar mesons which 
become massless in the chiral limit of zero quark masses. On the other hand, 
the axial U{1) symmetry of the QCD Lagrangian is broken by the anomaly. The 
corresponding pseudoscalar singlet would otherwise have a mass comparable to 
the pion mass Such a particle is missing in the spectrum and the lightest 
candidate would be the r]' with a mass of 958 MeV which is considerably heavier 
than the octet states. In conventional chiral perturbation theory the r]' is not 
included explicitly, although it does show up in the form of a contribution to a 
coupling coefficient of the Lagrangian, a so-called low-energy constant (LEG). 

The 7]' photoproduction has been investigated theoretically both in and 
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[||. In the effective Lagrangian approach of |^ a pseudoscalar couphng of the 
r( to the nucleons was chosen and it was concluded that the 77' decay channel 
is dominated by the not so well established Z)i3(2080) resonance, whereas in the 
quark model used in [§] the off-shell effects of the 5*11(1535) were prominent. In 
contrast, the experimental data from ELS A |0 suggested the coherent excitation 
of two resonances 5*11(1897) and Pii(1986). Recently, the rl has been included in 
baryon chiral perturbation theory in a systematic fashion. Within this framework 
it is possible to calculate the importance of the 5*ii(1535) resonance for the riN 
decay channel without making any assumptions on the rj'NN coupling. 

The aim of this paper is to clarify the role of Born terms and low-lying reso- 
nances for both 7] and rj' photoproduction within the framework of baryon chiral 
perturbation theory. The simultaneous description of 77 and rj' photoproduction 
will also allow the inclusion of the rj-rj' mixing in a rigorous way. We restrict 
ourselves to the threshold region and to the calculation of Born terms and the 
leading resonances both in the t- channel and in the s- and u- channels. Such a 
simplified treatment of rj and rj' photoproduction will not allow us to reproduce all 
the experimental data in detail. Here, we are rather concerned with qualitative 
agreement and a rough estimate of the importance of low-lying resonances for 
both decay channels. In order to obtain a better description of the experimental 
data, one has to include chiral loops and further resonances, but this is beyond 
the scope of the present investigation. This work should therefore be considered 
to be mainly a check if the inclusion of r] and rj' mesons in a nonet of pseudoscalar 
mesons as proposed in []T2| leads to an adequate description for processes of rj 



and rj' mesons with baryons. 

The rj photoproduction off the neutron which has been measured at ELSA 
1^ provides a further test of our simple model and we are able to give predictions 



for the cross sections for 77' photoproduction off the neutron. In the next section, 
we present the necessary formalism for photoproduction of rj and rj' mesons. The 
effective chiral Lagrangian including explicitly low-lying resonances is given in 
Sec. 3. The invariant amplitudes are shown in Sec. 4 and Sec. 5 contains the 
numerical results. We conclude with a summary in Sec. 6. The determination of 
the baryon resonance couplings is relegated to the Appendix. 

2 General Formalism 

The T-matrix element for the processes N{pi) +'~f{k) N{p2) + (f){q) with (p = rj 
or 77' is given by 

(P2, q out|pi, k in) = 5fi + {2-k)H5^'^\p2 + q - Pi - k)Tfi. (1) 
The Mandelstam variables are 

s = {k + pif = {q + p2f 
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t = (A;_5)2^(p,_p2)2 

u = {k-P2r^{q-Pir (2) 

subject to the constraint s + t + u — 2M^ + with Mn and being the 
mass of the nucleon and the pseudoscalar meson, respectively. The invariant 
four-momentum transfer squared, t, can be related to the scattering angle in 
the cm. system via 

t = mJ-2g°A;° + 2|q||k|z (3) 
with z = cos'd. The equivalent photon energy in the laboratory system is given 

by 

E = ^-^^ (4) 
and the threshold values of s, i and are 

sth = {Mn + m^Y 

_ rnl 

Hh — 



—IT" 



1 


|q| 


647r2s 


|k| 



1 _|_ 

In the cm. system, the differential cross section is related to T via 

da _ 1 \^'\s,Ml^l) 

\Tfi\' (6) 

\j'± /i I J\.| 

with 

A(s, M^, mj) = [s - (M^ + m^f] [s - {M^ - m^)% (7) 

and our normalization is such that uu — 2Mn- In general, T can be decomposed 
as 

8 

Tfi^ie^U2Y.B,Htu^ (8) 
1=1 

with the invariant amplitudes 

•AC = 757m^, Ar2 = 275PM, ^fl = '^lm,, 

J^l = 757m, Ul^^4P,, (9) 

where we have neglected the operators ^4 and since they vanish for real 
photons and we use P — \{pi +^2)- From current conservation one obtains the 
relations 

-Bq = TT Bo 

B5 = ~{s-u)Be--[s + u-2Mlf]Bs. (10) 



It is therefore more convenient to define a set of independent amplitudes [p 

4 

Tf, = tU2j2AMiUi (11) 

i=l 

with 

^3 = 757^g.i^^^ ;W4 = 2757m^.F'^'-2M^A<i (12) 
and F^j, = e^k^, — ei./c^. The obey the crossing relations 

Ai{s,u) = Ai{u,s) i= 1,2,4 

Asis^u) = -A3{u,s) (13) 
and are related to the Bi via 

Ai = Bi-MnB^, A2 = — '^—^B2, 

s + u- 2M^ 

As = -Bs, A^ = ~B,. (14) 

The differential cross section can be written in terms of products of the Ai with 
their complex conjugates A* 

da 1 y'^is.Ml.n^l) 4, 

The coefficients yij = yji read 

yn = [s - M'^][Mf, - u] 
1 
2 

1/13 = -l^[s ~ u][ml - t] 



yi2 



t{su -M% + Mf^ml) - Mf^ml 

Mn, „ 2 



r 2 +12 

1/14 = -^['m^-t] 

2/22 = -tyi2 

2/23 = 2/24 = 

1/33 = Imt, - 2Mj,ml - - u'] + ^M^^ 



t 

2 r™2 .12 



2/44 = 2/33 -M^[m^-t]^ (16) 



5 



The total cross section is obtained by integrating over the angular variable z — 

COS'& 

dz-——{s,z). (17) 



For the multipole decomposition one expresses the transition amplitude in terms 
of Pauli spinors and matrices 



1 ^ 



The most general form for reads 

T — ia ■ eT\ + cr • q cr • (k x e) ^2 + ^♦t' • k q • e + i<T • q q • e JF4 

and the Ti are related to the Ai via 



(18) 



(19) 







M^r) 


T2 = 


(Vi- 


Mm) 






X 


^3 = 








(v^- 


Mat) 


with 







NiN2 
8n^/s E2 + Mn 
k ■ q 



Ai + 



|q| 



k • q 



Az+{J~s-M, 



k ■ q 



'AT 



N 



)a. 



k ■ q 



a/s + Mat ^ a/s + Miv 

q| [-(Vs - Mjv)A2 + A3 - A4] 



A, 



N^N2 

N1N2 
8^^^/s E2 + Mn 



|q| 



[(Vs + Mn)A2 + ^3 - A4] 



TV, = ^M^ + Ei, Ei = ^Ml + p2. 



(20) 

(21) 



The projection matrix for the lowest multipoles Eq^, ^1+, Mi_ and EiJ^ is given 

by 



/ ^0+ ^ 













( iPo -\Pl |[Po-i'2] \ / ^1 \ 



l-Pi l-Po |[-Po - P'. 








T2 
^3 

V ^4 / 



(22) 



with Pj being the Legendre polynomials. Neglecting higher partial waves the 
differential cross section is given in terms of £^o+, -^1+, -^1- and E\^ by 



lkl 


do 


|q| 





A + Pcosi? + Ccos^i?, 



(23) 
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with 

A = |Eo+P + |r|2 

B = 2Re{Eo+M*p) 

C = |Mp|2-|r|2 

Mp = 3Ei+ + Mi+ - Mi_ 

2\rf = |3Ei+-Mi+ + Mi_|2 + |2Mi+ + Mi_|l (24) 
This completes the necessary formahsm for the processes considered in this paper. 



3 The effective Lagrangian 



In this section, we will introduce the effective Lagrangian with rj and r]' coupled 
both to the ground state baryon octet and low-lying resonances in the s, u- and t- 
channel. Recently, a systematic framework for the rj' in baryon chiral perturbation 
theory has been developed [0. Here, we will extend this formalism by including 
explicitly the low-lying meson and baryon resonances. 

Our starting point is the U{?i)l x U{?>)r chiral effective Lagrangian of the 
pseudoscalar meson nonet (vr, K, rjs, rjo) coupled to the ground state baryon octet 
{N, A, S, S) at lowest order in the derivative expansion 



(25) 



with 

1^4, - 
and 



+^Foi;3r?o(X-) + -{Fl-Fl){u,){u^) (26) 



= 2(57^[/^^5])-M;v(55)--D(57^75K,i?}) 
-1f(,B^,^,\u\B\) - X{B^,^,B){u>^). 



(27) 



The pseudoscalar meson nonet is summarized in a matrix valued field U{x) 
U{4>,r]o) =u'^{(j),r]o) = exp{2i(/)/F^ + ^?7o/Fo}, 



(28) 



where ~ 92.4 MeV is the pion decay constant and the singlet rjo couples to 
the singlet axial current with strength Fq. The unimodular part of the field U{x) 
contains the degrees of freedom of the Goldstone boson octet 

K- 



1 

V2 



TT 

K- 



TT 



V6 



V8 



(29) 



7 



while the phase detU{x) = e^'^^°^^° describes the ?7o.Q In order to incorporate the 
baryons into the effective theory it is convenient to form an object of axial- vector 
type with one derivative 

= iu^W^Uu^ (30) 

with being the covariant derivative of U. The expression (. . .) denotes the 
trace in flavor space and the quark mass matrix Ai = diag(m„, 171^, rris) enters in 
the combinations 

X± = 2Bo{uMu ± u^Mu^) (31) 

with Bq = —{0\qq\0)/F^ the order parameter of the spontaneous symmetry vio- 
lation. Expanding the Lagrangian C,p in terms of the meson fields one observes 
terms quadratic in the meson fields that contain the factor rjQ'qs which leads to 
r)Q-r)8 mixing. Such terms arise from the explicitly symmetry breaking terms 
+ iFoV3r]o{x-) and read 

with m = ^{rriu + md). The states rjo and rjs are therefore not mass eigenstates. 
The mixing yields the eigenstates r] and rj', 

\ri) = cos Ir^s) — sin Ir^o) 

\r]') = sin6' Ir/s) + cos6' Ir^o), (33) 

which is valid in the leading order of flavor symmetry breaking and we have 
neglected other pseudoscalar isoscalar states which could mix with both 770 and 
?78. The 77- r]' mixing angle can be determined from the two photon decays of 
7r°, 7], 1]', which require a mixing angle around -20° [|13|. We will make use of this 
experimental input in order to diagonalize the mass terms of the effective mesonic 
Lagrangian. 

The baryonic Lagrangian consists of the free kinetic term and the axial- vector 
couplings of the mesons to the baryons. The values of the LECs D and F can 
be extracted from semileptonic hyperon decays. A fit to the experimental data 
delivers D = 0.80 ± 0.01 and F = 0.46 ± 0.01 We leave the third axial- 



vector coupling A undetermined for the time being. The covariant derivative of 
the baryon field is given by 

[D^,B] = d^B + [T^,B] (34) 

with the chiral connection 

~ -iv^ = ieQAf, (35) 
•^For details the reader is referred to IT^ . 
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to the order we are working and Q = ■|diag(2, —1, —1) is the quark charge matrix. 
Note that there is no pseudoscalar couphng of t]q to the baryons of the form 
tjqB'J^B. Such a term is in principle possible but can be absorbed by the A- 
term in Eq. (|27|) by means of the equation of motion for the baryons. Since 
we confine ourselves to the lowest order Lagrangian for the ground state baryon 
octet, higher order terms are omitted. The main purpose here is to investigate the 
importance of lowest order Born terms and resonance exchange. In order to obtain 
an improved description one must, of course, include higher order counterterms 
such as the anomalous magnetic moments of the nucleons. 

We now proceed by including explicitly low-lying resonances in our theory. 
In the t-channel the lowest-lying resonances are the nonet of the vector mesons 
(p, K*,uJs, ujq). According to |^ no evidence for p and u exchange in the t-channel 
is given. We will investigate this statement within our framework. The vector 
mesons couple in a chiral invariant way to the baryons and the pseudoscalar 
mesons via the Lagrangian 

^ = C-VBB + Cv-f4, (36) 

with 

CvBB = g%B{BV,{V^, B}) + g^^j,{BT,[V^, B]) + ^7%^<(5r^i?), (37) 
where the operator T ^ involves a vector and a tensor coupling 

r. = 7. + ^^a..(p'-p)^ (38) 
The electromagnetic piece of the Lagrangian is given by 

Cv,<t> = -9'v,,e^'''''{V,{u,, F+ }) - <7^,<^e'^-^^J(«.F+ ). (39) 
The quantity Fj^ contains the electromagnetic field strength tensor Fa/3 of t'^ 

= 2{daVp-dpVa) + 0{(t)''). (40) 

The states and ujq mix to yield the physical states uj and 0. The mixing is 
characterized by the angle (/? 

\uj) = cosy? Itus) — siny9 Ituo) 

10) = simplus) + cosipluo) (41) 
with (p ~ 40° [jl5|. The LECs of the effective Lagrangian are usually expressed 



in terms of the physical couplings gvN of po,uj and to the proton 

Upp=lpT^p E 9vnV^. (42) 

v=po,iJ,4> 
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Comparison with the Lagrangian in Eq. p7| ) leads to 

v/3 r 



9VBB 



F 

9VBB 



9VBB 



'pN - COS (p g^N - sm g^^ 



4^/2 
73 r 1 

—T^gpN + cos LP g^N + sm Lf g^N 



1 

■ cos LP g^N - sm Lp g^N 



(43) 



It follows immediately, that the coupling of po, uj and to the neutron is given 
by ^ 

l^vnn = ^nTpui^ - gpNp^ + g^NUJ'' + g<j>N4>'') ■ (44) 

The couplings gvN are quite well known, we use gpN = 6.08 and g^N = 'igpN [0 • 
The g^N coupling turns out to be much smaller than g^^j^ [|I5| (in agreement with 
the OZI suppression), so we can safely neglect the meson in our calculations 
by setting (yf^^r = 0. Furthermore, the tensor coupling for the p meson is given 
by Kp = 6, whereas k^^ ~ 0. Instead of using a common tensor coupling for P 
and UJ, as prescribed by the Lagrangian in Eq. (0), we prefer to work with the 
physical values Hp = 6 and = 0. 

We proceed in a similar manner with the electromagnetic piece of the La- 
grangian by defining the physical couplings 

£v^<^ = ee'^^"^9„^^(9,r/ ^ gv,,Vp + d,v' E gv.v'V,) (45) 

V=po,(^,4> V=po,i^,<t> 

which are related to the SU{3) couplings via 



gv-y<j) 



gv-rtp 



4 cos 61 



sin 6 - 4:\ 



12 1 



cos 6* 



sm (p g^^r, - cos Lp g^^^^ 



gp^ri 



(46) 



The experimental values for the gv-yri can be extracted from the decay width of 
radiative decays of the vector mesons 



967r' ■ '■' my 
Using the values for r(p — > 777) and Viuj 777) from we obtain 

gp^r^ = L8GeV-i 
g^^^ = 0.23GeV'\ 



(47) 



(4J 



Once the couplings of the vector mesons with rj have been determined, their 
coupling strength to rj' could in principle be calculated by making use of the 
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Lagrangian in Eq. (p9|). But in order to get a more accurate estimate of these 
couplings, it is preferable to extract the coupling constants Qp^ri' and g^j'^qi directly 
from the decay widths of the pertinent radiative decays 

r(V - ^7) = T^^?vwK' - — (49) 

We obtain 

gp.„. = 1.31 GeV^^ 

g^^^> = 0.45 GeV^^ (50) 

This determines completely the contributions of the vector mesons. Note that 
the vector meson contribution is usually reduced, e.g., by using a form factor 
[0. However, this effect should be reasonably small for t] and r]' photoproduction 
close to threshold. 

Baryon resonances contribute in the s- and w-channel. In this work we con- 
sider the lowest-lying S- and P-wave baryon resonances, i.e. the = 1/2+ and 
1/2" octets which include Pii(1440) and 5*11 (1535), respectively. We will ne- 
glect higher partial waves baryon resonances such as Di3(1520). Both Pii(1440) 
and 5*11(1535) contribute to t] photoproduction and experimentally dominance of 
511(1535) is found Jll. On the other hand, the situation for rj' photoproduction 
is not so clear. It has been discussed in the literature whether the data for rj' 
photoproduction on the proton can be understood by taking resonances in the 
2 GeV region or off-shell effects of 5ii(1535) into account 0, In the present 
investigation we will extend the formalism for the chiral U{3) Lagrangian pre- 
sented in by including the = 1/2+ and l/2~ baryon resonance octets. 
As we will see shortly, the parameters of such a Lagrangian can be fixed from 
strong and radiative decays of the resonances. This allows us to predict the con- 
tributions of Pii(1440) and 5ii(1535) both for t] and t]' photoproduction. Within 
our effective Lagrangian approach the results will be predictive and no additional 
parameters have to be fitted to obtain agreement with experiment. Therefore, 
the application of the U{3) formalism within baryon chiral perturbation theory to 
photoproduction processes is a highly nontrivial check of this method. It can also 
clarify the importance of the 5ii(1535) resonance for rj' photoproduction. To this 
end, it is sufficient to obtain a rough estimate for the resonance contributions. In 
order to achieve better agreement with experiment, one has to consider further 
resonances, e.g. Di3(1520) and 5ii(1650), and include chiral loop corrections. 
But this is beyond the scope of the present investigation and the calculations are 
performed at tree level. 

Let us first consider the spin-l/2+ octet which we denote by P. The octet 
consists of iV*(1440),S*(1660),A*(1600),S*(?) and the effective Lagrangian of 
the P-wave octet coupled to the ground state baryon octet takes the form 

jC = Cp + C^BP (51) 
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with the kinetic term 

Lp = ^(P7/.P^ P]) - Mp{PP). (52) 

Since for the processes considered here only iV*(1440) contributes, we set Mp = 
1.44 GeV. The interaction terms of the P-wave resonances with the ground state 
baryon octet read 

>C^BP = ~Dp{P^^j,{u^, B}) - iFp(P7^75K, B]) - \p{P^^^^B){u^) 

+dp{Pa^^{F^,, B}) + fp{Pa^^[F;^,, B]) + h.c. . (53) 

A possible rjoP'-f^B term can again be eliminated by using the equation of motion 
for baryons. The coupling constants Dp,Fp and dp,fp can be determined from 
strong and radiative decays of the A^*(1440) resonance, cf. App. A; we use the 
central values 

Dp = 0.32, Fp = 0.16 

dp = -0.05GeV"\ /p = 0.08GeV"\ (54) 

The spin-1/2- octet consists of AT* (1535), A* (1670), E*(1750), 5*(?) and the per- 
tinent Lagrangian reads 

C = Cs + ^4>BS (55) 

with the kinetic term 

Cs = ^(^7M[^^ S]) - Ms{SS) (56) 

and the interaction part 

JC-^bs = ~Ds{S^,{u^, B}) - '-Fs{S^^[u^, B]) - iXs{S^,B){u'^) 

+ids{Sa''''MF+, B}) + ifs{Sa^''j,[F+, B]) + h.c. . (57) 

We set Ms = 1.535 GeV and from strong and radiative decays of the 5- wave 
resonances one obtains, cf. App. A, 

Ds = 0.37, Fs = -0.21, Xg = -0.07 
ds = -0.07GeV~\ /5 = -0.06 GeV-^ (58) 

Since there exists data on decay channels of the ^-wave resonances into rj, we 
are able to fix the coupling A5 by taking 77-77' mixing into account, whereas for 
Ap we relegate the discussion to Sec. 5. Several remarks are in order. First, we 
would like to point out that our simple ansatz of zero width resonances will lead 
to singularities at the resonance mass which could be circumvented by the use 
of a finite width. This will restrict in the case of rj photoproduction the valid- 
ity of our approach to energies very close to threshold which we are considering 
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in the present work, whereas it is numerically irrelevant for rl photoproduction. 
Furthermore, the couplings of the resonances to the nucleons arc determined by 
their pertinent decay widths. Therefore, their sign is not fixed and a different 
choice of their signs leads to changes in our results. We have chosen the signs 
of the resonance couplings in such a way, that they lead to better agreement 
with existing data for and ry' photoproduction and do not present the results 
for the other possible values of the couplings. Finally, we have calculated both 
Born terms using the lowest order chiral effective Lagrangian and resonance con- 
tributions. We would like to emphasize that this procedure does not imply any 
double counting. The contributions of the resonances are hidden only in higher 
chiral order counterterms of the effective Lagrangian which we did not take into 
account in the present investigation. Born terms like the ones used in this work 
are not produced by resonance contributions. 



4 Invariant amplitudes 

We proceed by presenting the invariant amplitudes for r] and rl photoproduction 
on the nucleons. Let us start with the Born terms which vanish in the case of 
the neutron. The diagrams contributing to photoproduction off the proton are 
depicted in Fig. 1 and they read 



with 



P0) 
P0) 



AMncA 



1 



1 



s-Ml u-Ml 



'■N 
1 



N~ 



.s-M^u-MM 
^4(P7 ^ p0) = 



(59) 



1 



1 



This leads to the total cross section 



[L'-3F]cos^ + 
[D-3F] sine-' 



rrij 



12 1_ 
3 Fn 



D + 3A] sin 9 



'^l-[D + 3X]cose. 



47rs[s - Mj 



N\ 



X In 



4.S 

a1 



rrij 



^2s 

,s + Ml-ml 



N 



(60) 



(61) 
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with 



= -M% + mlY - Asml (62) 

Vector meson exchange is shown in Fig. 2. One has to add the following terms 
to the invariant amplitudes for photoproduction on the proton 









^p<p) = 


M{pl - 


^p(f)) = 


M{pi - 





t 



enp 1 



= 



(63) 



V=po,u},<l 



For the neutron has to be replaced by —QpN- 

We now turn to the baryon resonances. Their contributions are given in Fig. 
3 and read for the spin-1/2"^ octet in the proton case 



with 







Mipi - 








A^im - 


'p4>) 






Pr,' 





_el(t/p + 3/p)P^ 




u- Ml s- Ml 



+ 



u- Ml s- Ml 



e-{dp + 3fp)P^{Mp + MN) 
e^idp + 3fp)P^iMp + M^] 



s-Ml u-Ml 



+ 



s- Ml u- Ml 



(64) 



^[Dp - 3Fp] cos^ + J\ ^[Dp + 3Ap] sin^ 



2^3^, 



2^3^, 



3 Fo' 
2 1 



[Dp - 3Fp] sine -J-—[Dp + 3Ap] cos^, 

V 3 Fn 



(65) 



whereas the results for the neutron are obtained by replacing dp + 3/p by —2dp 
in Eq. (|6^. The contributions from the spin-l/2~ resonances read in the case of 
the proton 



Ai(p7 - 




A2{pi - 


^p4>) = 


^3(P7 - 


p4>) = 


Aiip-f - 


^p4>) = 







u -Ml s- M^ 



+ 



N 



u- Ml s- Ml 



e-{ds + 3fs)S^{Ms-Mj,] 



1 



'-S — ivig 

e\{ds + 3fs)S^{Ms-MN' ^ 



Ml u- Ml 



+ 



Ml u-Ml 



(66) 
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with 



Sr, = ^-^[Ds-3Fs]cosd + ^'^j,[Ds + 3Xs]sme 
S,' = ^-^[Ds-3Fs]sm9-^yjDs + 3Xs]cos9, (67) 
where for neutrons ds + 3fs in Eq. (|66|) has to be replaced by —2ds- 



5 Numerical results 

In this section, we discuss the numerical results for the central values of the 
resonance couplings as given in Sec. 3. We were able to determine most LECs 
by using experimental data from both semileptonic decays of the ground state 
baryon octet and from strong and radiative decays of the baryon resonances. 
The coupling constants of the vector meson Lagrangian are quite well known. 
The only parameters not fixed so far are the couplings A and Ap of the axial 
flavor- singlet baryonic currents. We note that from large Nc counting rules, one 
expects |A| < |F| and |Ap| < \Dp\, \Fp\. In order to get an estimate of these 
couplings we therefore varied their values within a small range around zero. It 
turns out that the dependence on Ap is almost negligible and one can safely set 
Ap = 0. Variation of A leads to some smaller changes in the results and we find 
improved agreement with experiment for A = 0.05. Of course, we could achieve 
better agreement with experiment by fine-tuning all parameters, but here we are 
only interested in a rough estimate of the resonance contributions. For Fq we 
employ the large Nc identity Fo = F„. Once the parameters are determined, the 
resonance contributions are fixed both for rj and r]' photoproduction. This will 
particularly clarify the importance of low-lying resonances for r]' photoproduction 
within the chiral U{3) Lagrangian approach presented in this paper, since our 
results are predictions rather than a fit to experimental data. It also serves as a 
check if the t]' can in general be included in baryon chiral perturbation theory in 



a systematic fashion as proposed in |12 



In Fig. 4 we present the total cross sections obtained from our tree level 
model. We restrict ourselves to the threshold region, since chiral loop effects and 
contributions from further resonances will become more important with increas- 
ing cm. energy s. We are able to achieve reasonable agreement with existing 
data. However, the energy bins of the experiment for t]' photoproduction on the 
proton are 100 MeV and 200 MeV wide |p and can therefore not be compared 
directly with our theoretical estimates. But we obtain a total cross section for rj' 
photoproduction which is in the same order of magnitude as in the experiment, 
i.e. ~ 1.5 yub. In particular, rj' photoproduction close to threshold can be un- 
derstood without taking any further resonances into account. The dashed lines 
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in Fig. 4 are the contributions from the Born terms without the inclusion of 
resonances. Obviously, the resonances considered in this model lead to sizeable 
contributions except for r( photoproduction on the proton in which case the sum 
of their contributions is almost negligible. Furthermore, we are able to reproduce 
the ratio of r] photoproduction on the neutron and the proton, which is experi- 
mentally found to be 2/3 [1^. It is also worthwhile to compare our results for 
the differential cross sections with experimental data. In Fig. 5 we show the 
differential cross sections for i] and rl photoproduction on the proton close to 
threshold. The data for photoproduction as shown in Fig. 5b) is the energy- 
integrated angular distribution for 1.44 GeV < < 1.54 GeV. Dividing by the 
phase space factor |q|/|k| in Eq. (|]) in order to account for the wide energy bin 
one obtains experimental data which have a slightly smaller differential cross sec- 
tion than obtained in our model. This might indicate that we overestimated the 
resonances, e.g., by not using a form factor for the vector mesons. Nevertheless, 
our simplified treatment of rj and rj' photoproduction shows, that one is able to 
understand the size of experimental data just by considering lowest order Born 
terms and resonance exchange. 

In Figs. 6 and 7 we present the results for the multipoles -Eq+j ^i+i Mi_ and 
in the threshold region. In order to estimate the significance of the different 
resonances, we show in Table 1 the multipoles for rj photoproduction off the pro- 
ton at cm. energy s = 708 MeV both with and without resonances. We conclude 
that while the spin-1/2"'" resonance octet does not contribute significantly, both 
vector mesons and spin-l/2~ octet lead to sizeable contributions. For complete- 
ness we present the energy dependence of the coefficients A, B and C from Eq. 
in Figs. 8 and 9. 

6 Summary 

In the present work, we studied r] and rj' photoproduction on both the proton 
and neutron. To this end, we pinned down an effective chiral ?7(3) Lagrangian 
which describes the interactions of the pseudoscalar meson nonet (vr, rj, rj') 
with the ground state baryon octet and low-lying resonances. These include the 
vector mesons po and uj in the t-channel (the meson leads to much smaller 
contributions and can be neglected for our purposes), and the = 1/2+ and 
l/2~ baryon resonances Pii(1440) and S'ii(1535). Our aim here is to obtain a 
rough estimate of the contributions of these low-lying resonances both for i] and 
f]' photoproduction. Further resonances have therefore been neglected, such as 
5'ii(1650) and the higher partial wave resonance Di3(1520). 

Most LECs of the effective Lagrangian can be determined using semileptonic 
hyperon decays and both strong and radiative decays of the baryon resonances. 
The couplings of the vector mesons are also quite well known. Only the couplings 
of the axial flavor- singlet currents of the ground state and spin-1/2"'" resonance 
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baryons, A and Ap, could not be fixed from experiment. Variation of both param- 
eters within a reahstic range revealed that Ap does almost not alter our results 
and is therefore set to zero. For A we have chosen a value which leads to improved 
agreement with experiment. Our results are therefore predictions rather than fits 
to experiment. 

We calculated the Born terms and the resonance contributions to rj and r]' 
photoproduction on the nucleons using the chiral U{3) Lagrangian. Comparison 
with data close to threshold shows that this simple model is capable of producing 
simultaneously reasonable agreement with 77 and rj' photoproduction both on the 
neutron and proton, i.e. the size of the experimental data for photoproduction of 
the 7]' meson can be understood just by taking low-lying resonances into account. 
Of course, we do not expect our model to be valid for higher cm. energies away 
from threshold, since other effects such as contributions from further resonances 
and chiral loop corrections will become significant. We are able to reproduce the 
ratio of rj photoproduction on the neutron and the proton, which is experimen- 
tally found to be 2/3 Reasonable agreement with experiment is also obtained 
for the differential cross sections, which is almost constant for rj photoproduction 
and forward-peaked in the case of 1]'. Finally, we present results for the multipole 
decomposition of 77 photoproduction. Within our model, we find, that contribu- 
tions from vector mesons and S'ii(1535) dominate, whereas contributions from 
Pii(1440) lead to some minor corrections. 

The present investigation also served as a check if the r]' meson can be in- 
cluded in baryon chiral perturbation theory as proposed in [O. The findings of 



the present investigation concerning i]' photoproduction can be confirmed, e.g., by 
employing the chiral U{3) meson-baryon Lagrangian without explicit resonances 
in a coupled channel approach. This will generate dynamically the baryon res- 
onances as was shown in for rj photoproduction. Work on this subject is 
currently underway. 
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A Determination of the baryon resonance cou- 
plings 

In order to determine the strong coupling constants of the baryon resonances, 
we use the decays A^*(1440) Nn, A*(1600) Svr and A^*(1535) ^ Nn , 
A^*(1535) ^ Nr], A* (1670) Arj, see also The width follows via 

r = ^|q*l|T|= (A,l) 
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with 



2M, 



R 



{Ml - {Mb + m^f) {Ml - {Mb - m^f) 



1/2 



(A.2) 



being the three-momentum of the meson = tt, in the rest frame of the reso- 
nance. The terms Mr and Mb are the masses of the resonance and the ground 
state baryon, respectively. We employ the physical masses of the baryons in- 
volved in a decay. The mistake we make in not using common octet masses is of 
higher chiral order and, therefore, beyond the accuracy of our calculation. For 
the transition matrix one obtains in the case of P-wave resonances 



and for the S-waves 

with the coefficients 
3 

2 
1 



1 



2F2 



2F2 



{Mr + MbY {Mr - Mb 



A 



Pcj) 



R 



Mb? 



{Mr + Mb) 



A 



S(f> 



(A.3) 



(A.4) 



A 



Af*(1440) TT 



{Dp + Fp) 



^A*(1600) TT 



A 



A 



AT* (1535) r; 



^A*(1670)r; 



iV*(1535) TT 
2 



:{Ds + Fsf 



6 

2 r 



{Ds - 3Fs) cos 9 + V8^{Ds + 3\s) sin 6 

-To 

Ds cos e + V2^{Ds + 3\s) sin ' 
-To 



(A.5) 



where we have taken rj-rj' mixing into account. For Fq we employ the large Nc 
value Fq = Ft^. Using the experimental values for the decay widths we arrive at 
the central values 



Dp 
Ds 



0.32, 
0.37, 



Fp 

Fs-- 



0.16 
-0.21, 



Ac 



-0.07 



(A.6) 



where we have chosen the signs in accordance with the data for rj and t]' photopro- 
duction. We do not present the uncertainties in these parameters here, since for 
the purpose of our considerations a rough estimate of these constants is sufficient. 

We now turn to the determination of the couplings dp, fp and ds, fs appearing 
in the electromagnetic part of the effective resonance-ground state Lagrangian. 
The decays listed in the particle data book, which determine the coupling con- 
stants ds and fs, are A^*(1535) N'j, see also [IIH]. The width is given by 



with 



2M< 



-{Ml -Ml) 



(A.7) 
(A.8) 
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being the three-momentum of the photon in the rest frame of the resonance. For 
the transition matrix one obtains 

ir^f = 128 e^Pi-kf{C''f (A.9) 

with Pi the momentum of the decaying baryon and the coefficients 

^P*(i535)p = }ids+ fs, C'"*(^^^^)" = --ds . (A.IO) 
3 3 

Using the experimental values for the decay widths we arrive at the central values 

ds = -0.07 GeV~\ fs = -0.06 GeV"\ (A.ll) 

For the determination of dp and fp we use the decays A^*(1440) N'y. One 
has to replace the resonance mass by Mp ~ 1440 MeV in Eq. ( |A.7|JA.8| ) and the 
coefficients read 

(^p*(1440)p = Idp^ (jn'dmn ^ _l ^p. (A.12) 

3 3 
The fit to the decay widths delivers 

dp = -0.05 GeV"\ fp = 0.08 GeV"^ (A.13) 
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Table captions 



Table 1 Given are the multipoles for rj photoproduction off the proton at cm. en- 
ergy s = 708 MeV both with and without resonances in units of 10~^/m.,r+- 
The first row denotes the contributions from only the Born terms. In the fol- 
lowing rows we have added vector mesons, spin-1/2"'" and spin-l/2~ baryon 
resonances, respectively. The last row gives our final result, including all 
resonances considered in this work. 



Figure captions 

Fig.l Shown are the Born terms for photoproduction on the proton. The photon is 
given by a wavy line. Solid and dashed lines denote proton and pseudoscalar 
mesons, respectively. 

Fig. 2 Vector meson exchange. The photon is given by a wavy line. Solid and 
dashed lines denote nucleons and pseudoscalar mesons, respectively. The 
double line represents the vector meson. 

Fig. 3 Baryon resonance contributions. The photon is given by a wavy line. Solid 
and dashed lines denote nucleons and pseudoscalar mesons, respectively. 
The double line represents the baryon resonances Pii(1440) or 5*11(1535). 

Fig. 4 Total cross sections for ■jp pr] (a), jp prj' (b), 'jn nr] (c) and 
7n — i> nt]' (d). The dashed lines denote the contributions from the Born 
terms, the full lines are our results including the resonances. The reaction 
7P pr] in (a) is compared with data from . We do not show data from 
for 7]' photoproduction since the energy bins of this experiment are 100 
and 200 MeV wide. 

Fig. 5 a) Differential cross section of 7p — *• prj for the photon energy = 716 
MeV which is compared with the data from |jl|. 

b) Differential cross section for jp —>■ prj' at = 1 .45 GeV. The data are 
the energy- integrated angular distributions for 1.44 GeV < E^ < 1.54 GeV 

i- 

Fig. 6 Shown are the multipoles i?o+ (a), Mi+ (b), Mi_ (c) and i?i+ (d) for rj 
photoproduction off the nucleons. The full and dashed lines denote 7p prj 
and 7n — > nr/, respectively. 

Fig. 7 Shown are the multipoles £'o+ (a), Mi+ (b), Mi„ (c) and Ei^ (d) for rj' 
photoproduction off the nucleons. The full and dashed lines denote 7p — *• 
prj' and 7n nrj', respectively. 
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Fig. 8 Energy dependence of the coefficients A (a), B (b), C (c) from Eq. (^) for rj 
photoproduction. The full and dashed lines denote 7p — prj and 7n — nr], 
respectively. 

Fig. 9 Energy dependence of the coefficients A (a), B (b), C (c) from Eq. (^) 
for Tj' photoproduction. The full and dashed lines denote 7p — > prj' and 
7?T, — > nr]\ respectively. 
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Eo+ 


Mi+ 


Mi_ 


Ei+ 


N 


-4.47 


0.073 


-0.10 


0.009 


N,V 


2.48 


0.084 


0.27 


-0.006 


N,Pu 


-4.40 


0.079 


-0.32 


0.009 


N,Sn 


6.36 


0.076 


-0.09 


0.008 


N,V,Pn,Sn 


13.39 


0.092 


0.06 


-0.007 
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